Sirtuins are NAD ؉ -dependent lysine deacylases, regulating a variety of cellular processes. The nuclear Sirt1, the cytosolic Sirt2, and the mitochondrial Sirt3 are robust deacetylases, whereas the other sirtuins have preferences for longer acyl chains. Most previous studies investigated sirtuin-catalyzed deacylation on peptide substrates only. We used the genetic code expansion concept to produce natively folded, site-specific, and lysine-acetylated Sirt1-3 substrate proteins, namely Ras-related nuclear, p53, PEPCK1, superoxide dismutase, cyclophilin D, and Hsp10, and analyzed the deacetylation reaction. Some acetylated proteins such as Ras-related nuclear, p53, and Hsp10 were robustly deacetylated by Sirt1-3. However, other reported sirtuin substrate proteins such as cyclophilin D, superoxide dismutase, and PEPCK1 were not deacetylated. Using a structural and functional approach, we describe the ability of Sirt1-3 to deacetylate two adjacent acetylated lysine residues. The dynamics of this process have implications for the lifetime of acetyl modifications on di-lysine acetylation sites and thus constitute a new mechanism for the regulation of proteins by acetylation. Our studies support that, besides the primary sequence context, the protein structure is a major determinant of sirtuin substrate specificity.
elegans, and even for mice (41) (42) (43) . Sirtuins are involved in many aspects of cellular regulation, and their dysfunction can have drastic consequences on cellular function promoting the organism's aging process and the development of severe diseases such as cancer and neurodegenerative diseases (44 -52) . Because of the dependence on the levels of acetyl-CoA as activated acyl donor molecules and NAD ϩ as a cofactor for sirtuinmediated deacetylation, the acetylation status of the proteome is tightly connected to the cellular metabolic state (50, 53, 54) .
Sirtuins are present in all cellular compartments, with Sirt1, -6, and -7 localized predominantly in the nucleus, Sirt2 in the cytosol, and Sirt3, -4, and -5 in the mitochondrial matrix. For Sirt5, recent reports suggest that besides its mitochondrial localization it is also active in the cytosol (55) . Importantly, of the seven sirtuins encoded in the human genome, only Sirt1, -2, and -3 have a robust deacetylase activity. The other sirtuins have preferences for longer acyl chains (56, 57) .
Much research is focused on the development of novel strategies to activate or inhibit sirtuin function (58, 59) . Several small molecule compounds were developed to achieve this goal (22, 30, 58, 60 -65) . However, it is still often difficult to design inhibitors that specifically target one sirtuin without affecting others. Therefore, another promising strategy is to design mechanistic inhibitors by combining substrate-based peptides with acetyl-lysine analogues such as trifluoroacetyl-lysine and thioacetyl-lysine, which show a markedly reduced rate of deacetylation (32, 66 -68) . We and others show that some sirtuins present a remarkable level of substrate specificity for certain acetylation sites (14, 15, 69) . However, whether structural features or the primary sequence is the main determinant of specificity remains an unresolved question. A major drawback of nearly all the functional and structural investigations performed so far is that they used peptide substrates to draw conclusions about specificities and putative consensus sequences for sirtuin-catalyzed deacetylation. However, how the specificity of sirtuin-catalyzed deacetylation is determined in natively folded substrate proteins has hardly been investigated thus far. One study, in which deacetylation by sirtuins was analyzed with chemically acetylated protein, suggests that structural features do in fact play an important role for substrate recognition (70) . Here, we present the first data on sirtuin specificity in a context of site-specifically acetylated full-length substrate proteins. We discovered that Sirt1-3 are able to deacetylate two neighboring acetylated lysine side chains and that structural components are major determinants of sirtuin substrate specificity. These results suggest that data derived from peptide-based experiments should be cross-checked for their validity in the natively folded context.
Experimental Procedures
Expression and Purification of Proteins-Purification of sitespecifically acetylated proteins was performed as described (14) . Sirt1(225-664), Sirt2 (50 -356) , Ran, Hsp10, CypD , MnSOD , and PEPCK1 were purified as His 6tagged fusion proteins from pRSF-Duet-1 or the described modified version thereof for site-specific incorporation of acetyl-L-lysine (pRSF-Duet-1-MbtRNA CUA -MbPylRS) (14) . Sirt3(118 -399) and Sirt2(50 -356) (without a His tag for crys-tallization) were expressed as GST fusion proteins also as described from pGEX4T5/TEV (based on pGEX-4T1, GE Healthcare). p53 was also expressed as a GST fusion protein using a pRSF-Duet-1-MbtRNA CUA -MbPylRS-derived vector, which had its dual multiple cloning site replaced by the GST open reading frame and multiple cloning site of the described pGEX-4T5/TEV vector (14) . In our hands, GST-p53 fusion protein was not efficiently cleaved by TEV protease when still bound to the column. Thus, the GST-p53 was first eluted from the column, digested with TEV in solution overnight, and subsequently concentrated in a 30-kDa MWCO Centricon for a final S200 size exclusion chromatography. p53 eluted early after the size exclusion peak.
Antibodies-The following antibodies (ABs) from Abcam were used (catalogue number, dilution): acetyl-lysine (ab21623, 1:1500); His tag (ab18184, 1:2000) ; and HRP-coupled secondary ABs against rabbit (ab6721, 1:10,000) and mouse (ab6728, 1:10,000). The ABs against Sirt3 (sc49744, 1:400) and p53 (sc-99, 1:1000) were purchased from Santa Cruz Biotechnology, Inc. For the anti-Ran AcK37 AB, two rabbits were immunized with an acetyl-TGEFE(AcK)KYVAT-(C)-peptide. A 72-daybleed yielding the optimal Ran AcK37/Ran-WT signal ratio was further purified by negative adsorption with the non-acetylated peptide. The flow-through was subjected to positive adsorption using the acetylated peptide. All these steps were carried out by Thermo Fisher custom antibody services. The resulting Ran AcK37 AB was used at a dilution of 1:65.
Isothermal Titration Calorimetry (ITC)-ITCs were carried out on MicroCal ITC 200 or Auto-ITC 200 instruments (GE Healthcare) based on Ref. 71 . All measurements were done in buffer A (100 mM NaCl, 50 mM Tris-Cl, pH 7.4, 5 mM MgCl 2 , 2 mM ␤-mercaptoethanol). For the measurements with protein, 10 M nicotinamide was included in the buffer. Parameters were as follows: 20°C, 2 l at 4-s injections, 1000 rpm stirring speed, target differential power value of 6. The isotherms were fitted with the built-in one-site binding model of the Origin MicroCal extension software.
Crystallization-Sirt2 (50 -356) was crystallized in sitting drop plates (150-nl drop size) at a concentration of 10 mg/ml in buffer A and supplemented with a 1.2-fold molar excess of the RanTFAcK37 13-mer peptide in 0.1 M HEPES, pH 7.5, 2.0 M NH 4 SO 4 . Crystals grew after 3 days at 20°C and were washed twice in mother liquor, which was supplemented with 15 and 30% D-glucose, 10% glycerol as cryoprotectant, respectively, prior to storage in liquid N 2 . The crystals belonged to the space group P6 1 22 with two heterodimers per asymmetric unit. The native dataset was collected at the Swiss Light Source in Villigen, Switzerland, with the X06DA/PX3 beamline at a wavelength of 1.0 Å and 100 K using a Dectris PILATUS 2 M detector. The oscillation range was 0.1°, and 1200 frames were collected. The program iMOSFLM was used for indexing and integration (72, 73) . AIMLESS was used for scaling (74) . Initial phases were determined with the program Phaser (as part of the suite Phenix-dec-1893) (75) and by using the Sirt2(43-370)⅐S2iL5 structure as search model (PDB code 4L3O) (76) . The program Coot 0.7.1 was used to build a model into the 2F o Ϫ F c and F o Ϫ F c electron density maps in iterative rounds of refinement, which were carried out with REFMAC5 (77-79).
Quality assessment of the structure model was done with Molprobity (80) . Figures of structures were prepared with PyMOL version 1.7.2.0 (81) . Data collection and refinement statistics are given in Table 1 . R work was calculated as follows: R work ϭ ⌺͉ F o Ϫ F c ͉/⌺ F o , with F o and F c as the observed and calculated structure factor amplitudes, respectively. R free is calculated as R work using the test set reflections only.
Mass Spectrometry-Mass spectrometry was performed as described previously but Glu-C was used instead of trypsin for the digest, and MaxQuant search parameters were changed accordingly (14) .
Deacetylation Assays-Deacetylase assays were done in buffer A supplemented with 1 mM NAD ϩ (AppliChem) at 23°C. Where indicated, deacetylation assays for PEPCK1 were performed in a different buffer (see below). For the single turnover deacetylation experiment (Fig. 1, G and H) , NAD ϩ concentrations were as indicated. Proteins were used at 12 M unless otherwise stated and deacetylase concentrations as indicated. Samples taken at the indicated time points were heated for 5 min at 95°C to stop the reaction. Samples were separated by SDS-PAGE, blotted on PVDF membranes, blocked with 5% skim milk (in PBS/Tween 20), incubated with the primary AB overnight at 4°C, and incubated with the secondary HRP-coupled AB for 1 h at room temperature. Detection of HRP was carried out with ECL solution (Carl Roth) and a Vilber Fusion Xpress or by exposure to x-ray film. The ImageJ Gel Analyzer tool was used for densitometric quantification.
Activity Assay for Sirtuins-Activity assays for purified Sirts were performed in buffer B (25 mM Tris, pH 8.0, 137 mM NaCl, 2.7 mM KCl, 1 mM MgCl 2 , 1 mM NAD ϩ ) using a fluorogenic substrate (SRP0308, Sigma) at 5 M and the indicated amounts of enzyme. The reaction volume was 50 l, and reactions were set up in triplicate in black 96-well plates. After incubation at 37°C for 30 min, the reaction was stopped with 5 l of developer solution (5 g/ml trypsin, 100 mM nicotinamide) and subsequently incubated for 30 min at room temperature. Fluorescence readout was done on a Beckman Paradigm (wavelength, excitation 350 nm; emission 450 nm).
PEPCK1 Activity Assay-PEPCK1 activity was measured essentially as described (82) . The assay was performed with an LS55 fluorescence spectrometer (PerkinElmer Life Sciences) and Quartz SUPRASIL cuvettes (10-mm light path, Hellma Analytics) in buffer containing 100 mM HEPES-NaOH, pH 7.2, 100 mM KHCO 3 , 3 mM phosphoenolpyruvate, 2 mM GDP, 2 mM MgCl 2 , 0.2 mM MnCl 2 , 10 mM DTT, 0.2 mM NADH, and 2 units/ml of malate dehydrogenase (Amresco, Ultra Pure). PEPCK1 was added at a final concentration of 25 nM, and the fluorescence drop was followed over 60 min (excitation wavelength of 345 nm and a readout wavelength of 470 nm).
Analytical Size Exclusion Chromatography (SEC)-Analytical SEC was performed using a Superdex 200 10/300 GL column (GE Healthcare) with a flow rate of 0.5 ml/min. A calibration curve was generated using a gel filtration low and high molecular weight kit (GE Healthcare) according to the manufacturer's instructions. SECs for PEPCK1 were performed in 100 mM HEPES-NaOH, pH 7.2, 100 mM KHCO 3 , 2 mM MgCl 2 , 0.2 mM MnCl 2 , 10 mM DTT. A solution of 100 l at 3 mg/ml was loaded onto the column. Fractions corresponding to the correct molecular weight were concentrated using a 30-kDa MWCO Centricon and subsequently used for the activity assay and, where indicated, also for deacetylation assays (buffer was supplemented with 1 mM NAD ϩ for the deacetylation experiment). SECs for CypD and MnSOD were performed in buffer A.
Analysis of Potency of 2Ј/3Ј-O-Acetyl-ADP-ribose to Lysineacetylated MnSOD und PEPCK1-To test whether 2Ј/3Ј-Oacetyl-ADP-ribose (Santa Cruz Biotechnology, Inc.; sc-481663) can non-enzymatically lysine-acetylate PEPCK1 or MnSOD, we incubated recombinantly expressed MnSOD and PEPCK1 (both at a concentration of 0.6 M) with 2 mM 2Ј/3Ј-O-acetyl-ADP-ribose in vitro (2 h, 23°C) and analyzed the reactions by immunoblotting using an anti-AcK antibody. The buffer for PEPCK1 was as described above for the SEC runs, additionally containing 1 mM NAD ϩ .
Results
Sirtuin-catalyzed Deacetylation of Natively Folded Lysineacetylated Substrate Proteins-A synthetically evolved, orthogonal acetyl-lysyl-tRNA synthetase/tRNA CUA pair from Methanosarcina barkeri expressed in Escherichia coli was used to site-specifically incorporate N-(⑀)-acetyl-L-lysine (AcK) into sirtuin substrate proteins. To this end, we selected reported substrate proteins of Sirt1-3, showing a robust lysine deacetylase activity (Sirt1, p53; Sirt2, Ran, PEPCK1; Sirt3, CypD, MnSOD, Hsp10) (83) (84) (85) (86) (87) (88) (89) (90) . Notably, for the natively folded mitochondrial proteins MnSOD acetylated at Lys-122 and CypD acetylated at Lys-167 (mouse, Lys-166) and Lys-197 (mouse, Lys-196), we could not detect any deacetylation by Sirt3 even using molar enzyme/substrate concentrations of 1:1, although these were reported Sirt3 substrates. To exclude that the failure to detect sirtuin-catalyzed deacetylation of CypD and MnSOD was due to the protein quality being compromised, we performed analytical SEC experiments. As expected, acetylated CypD eluted at a volume corresponding to a monomer of ϳ16.1 and 18.9 kDa for AcK167 and AcK197, respectively, (theoretical size, 19.3 kDa). MnSOD eluted at a volume consistent with its known homotetrameric form (theoretical size of the tetramer, 96.7 kDa; Fig. 1B ). For Hsp10, we observed a robust AcK56 deacetylation catalyzed by Sirt3, although the signal we obtained using the anti-AcK antibody was very weak (Fig. 1A) .
To investigate how and whether the structural context, besides its primary sequence, affects the specificity of sirtuincatalyzed deacetylation, we used acetylated Ran as a model system. We have previously shown that Ran acetylated at Lys-37 (Ran AcK37) is most efficiently deacetylated by recombinant Sirt2 but also by Sirt1 and -3 (14) . We tested whether Sirt2 is also able to deacetylate the adjacent AcK38 of natively folded Ran, which is located in a similar structural environment as AcK37 and was also identified as being acetylated in human (3) . Moreover, we speculated that acetylation of both lysines might interfere with the deacetylation by Sirt2 at this di-acetyl-lysine site. Ran was thus purified in three different site-specifically acetylated forms as follows: Ran AcK37, AcK38, and Ran AcK37/38 (Fig. 1C) . To test the deacetylation of these proteins in vitro, Sirt2(50 -356) was purified from E. coli, and its activity was confirmed using a fluor-de-lys assay (Fig. 1D ). We observed that the deacetylation of AcK38 R (superscript R indicates Ran) was much slower compared with AcK37 R . Surprisingly, when Ran was acetylated at both Lys-37 and Lys-38 (AcK37/38 R ), deacetylation occurred at a rate comparable with that observed for AcK37 R (Fig. 1E ). Consistently, affinity measurement of Sirt2 to full-length Ran AcK37 and Ran AcK37/38 by ITC resulted in similar K D values of 24 and 9.7 M, whereas binding was neither detected for Ran AcK38 nor for non-acetylated Ran under the assay conditions ( Fig. 1F ).
Sirt2 Di-deacetylates Ran AcK37/38 -Given the slow rate of AcK38 R deacetylation, we speculated that di-deacetylation of Ran occurs sequentially with AcK38 R being deacetylated first. We tested this hypothesis by incubation of all three acetylated versions of Ran, namely AcK37 R , AcK38 R , and AcK37/38 R , with a 2-fold molar excess of Sirt2 and increasing NAD ϩ concentrations up to a molar NAD ϩ /Ran ratio of 1:1. Because enzymatic activity of sirtuins is strictly dependent on the cofactor NAD ϩ , we expected to observe only partial deacetylation of each substrate when NAD ϩ is present in submolar amounts. To discriminate between different acetylation sites on a Western blot, we used a Ran AcK37-specific antibody (anti-Ran AcK37 AB). This antibody shows only a weak signal for di-acetylated Ran AcK37/38 and does not recognize Ran-WT (WT is wild type) or Ran AcK38 (Fig. 1G ). With this anti-Ran AcK37 AB, an increase in the signals for Ran AcK37/38 was observed toward higher concentrations of NAD ϩ suggesting that Ran AcK37 accumulated under these conditions. As expected, analyzing the reactions using a pan-anti-AcK AB, we observed a decrease in signal intensity for all three Ran AcKs with increasing NAD ϩ concentrations. The same applies to Ran AcK37 detected with the anti-Ran AcK37 AB ( Fig. 1G ). To confirm these data, we performed an identification and quantification of the peptides after deacetylation of Ran AcK37/38 by Sirt2 by mass spectrometry. Consistent with the immunoblotting data, for the Sirt2catalyzed deacetylation of Ran AcK37/38, we observed increasing peptide intensities for Ran AcK37 toward higher NAD ϩ concentrations, after Glu-C digest followed by LC-MS/MS analysis. Moreover, the amounts of unmodified peptide increased with higher NAD ϩ concentrations, although pep-tides corresponding to Ran AcK38 were either not identified or only in trace amounts ( Fig. 1H ). Taken together, these data suggest that Sirt2 first deacetylates Ran AcK37/38 at AcK38 and subsequently at AcK37 and that this di-deacetylation reaction occurs with a significantly faster rate than mono-deacetylation of Ran AcK38.
Sirt2 Binds to 13-mer Ran Peptides Encompassing AcK37, AcK38, and AcK37/38 -To further structurally characterize the interaction of (di-)acetylated Ran and Sirt2, we initiated crystallization trials with Sirt2 and full-length Ran AcK37, AcK38, and AcK37/38. However, because our attempts to crystallize the Ran protein in complex with Sirt2 failed, we decided to use Ran-derived 13-mer peptides containing the acetyl-lysine analogue N ⑀ -trifluoroacetyl-L-lysine (TFAcK, peptide sequence 31 LTGEFEKKYVATL 43 ) to stabilize the complex (68) . Using ITC, we first confirmed that the three TFAcK-13-mer Ran peptides (Ran(31-43)-TFAcK37, Ran(31-43)-TFAcK38, and Ran(31-43)-TFAcK37/38) behaved similar to the full-length protein regarding the binding to Sirt2. We obtained an ϳ5-fold weaker affinity and less favorable reaction enthalpy for the Ran TFAcK38 -13-mer (K D , 5.0 M; ⌬H, Ϫ5.7 kcal/mol) compared with TFAcK37-and TFAcK37/38 -13mers (K D , 1.3 M; ⌬H, Ϫ11.7 kcal/mol; and K D , 1.0 M; ⌬H, Ϫ11.9 kcal/mol; Fig. 2A ). This suggests that the amino acid sequence surrounding residues Lys-37 R and Lys-38 R affects the binding specificity of Sirt2 toward Ran and that our structural data would thus provide insights into the molecular events leading to deacetylation of both sites. Interestingly, in a recent microarray screen for sirtuin targets using immobilized acetylated peptides, the 13-mer for Ran AcK37 was not found to be deacetylated by Sirt2 (69) . However, when we analyzed its deacetylation in solution, we found that the 13-mer not only FIGURE 1. Sirt2 can deacetylate di-acetylated Ran. A, deacetylation of selected substrate proteins by Sirt3. We prepared site-specifically acetylated Ran AcK37, CypD AcK167, and AcK197, MnSOD AcK122, and Hsp10 AcK56 using the genetic code expansion concept and analyzed its deacetylation by Sirt3 by immunoblotting using an anti-acetyl-lysine antibody (anti-AcK-AB). Sirt3 was used in equimolar ratio with the respective protein substrate (40 M), except for Hsp10 (40 M Sirt3 and 80 M Hsp10). Coomassie Brilliant (CMB) blue staining is shown as loading control. B, analytical size exclusion chromatography of CypD and MnSOD proteins used in this study (Superdex 200 10/300). To assess the quality of the non-acetylated and site-specifically lysine-acetylated CypD (WT, AcK167, and AcK197) and MnSOD (WT and MnSOD AcK122) proteins used here, we performed analytical SEC experiments. All CypD proteins eluted as apparent monomer from the SEC column. MnSOD behaved as apparent tetramer on SEC, as reported earlier. For both, MnSOD and CypD, all acetylated proteins behaved as the non-acetylated proteins showing that lysine acetylation did not affect protein folding or oligomerization. C, Ran was lysine-acetylated at Lys-38 and at Lys-37/Lys-38 using the genetic code expansion concept. Coomassie Brilliant Blue staining of an SDS-PAGE with 5 g of protein shows the final purity. Anti-AcK-AB was used to show the successful incorporation of acetyl-L-lysine into Ran. The anti-AcK-AB detects acetyl-L-lysine with different sensitivity depending on the sequence context. Detection with anti-His 6 -AB serves as a loading control. An antibody raised against a Ran AcK37-derived 11-mer peptide (see "Experimental Procedures") is specific for Ran AcK37, showing only a very weak signal for RanAcK37/38 after long exposure to x-ray film and does not detect Ran AcK38. D, final purity of the Sirt1, Sirt2, and Sirt3 enzymes used in this study. 5 g of each sirtuin was separated by SDS-PAGE and the gel Coomassie Brilliant Blue-stained to assess the final purity. The enzymatic activities were tested with a fluor-de-lys assay. All enzymes are active and show a similar activity. Error bars represent the standard error of the mean for three independent measurements. E, kinetics of Ran AcK37, AcK38, and AcK37/38 deacetylation by Sirt2. 12 M site-specifically lysine-acetylated Ran protein was incubated with 0.14 M Sirt2 for the indicated times. The level of Ran acetylation was assessed by immunoblotting using a specific anti-AcK-AB (left). Ran AcK37 and di-acetylated Ran AcK37/38 were deacetylated with similar kinetics, whereas Ran AcK38 shows a strongly reduced Sirt2-catalyzed deacetylation rate. The SDS-polyacrylamide gels corresponding to the Western blots were stained with Coomassie Brilliant Blue and serve as a loading control. The reactions were quantified densitometrically using ImageJ software (right). F, Ran AcK37 and AcK37/38 bind to Sirt2 as shown by isothermal titration calorimetry. 45 M Ran-WT, Ran AcK37, AcK38, or AcK37/38 protein was titrated with 450 M Sirt2 (50 -356, non-His 6tagged). Ran AcK37 and RanAcK37/38 bind with affinities of 24 and 9.7 M, respectively. Both reactions are solely driven by the reaction enthalpy (Ran AcK37 ⌬H, Ϫ19.8 kcal/mol; T⌬S, Ϫ13.6 kcal/mol; Ran AcK37/38 ⌬H,Ϫ11.5 kcal/mol; T⌬S, Ϫ4.8 kcal/mol). No binding heat was observed under these conditions for Ran-WT and Ran AcK38. G, deacetylation of Ran AcK38 by Sirt2 is favored over AcK37 in di-acetylated Ran AcK37/38.12 M Ran AcK37. AcK38 and AcK37/38 were used in Sirt2-mediated deacetylation reactions with increasing amounts of the essential cofactor NAD ϩ (Sirt2 concentration, 24 M, molar ratio Ran AcK/NAD ϩ , 0 -1.0). Using the anti-Ran AcK37 AB, we observed a linear decrease of acetylated Ran AcK37. In contrast, the signal increased for di-acetylated AcK37/38 as a function of the NAD ϩ concentration. This suggests that AcK38 in the context of Ran AcK37/38 is deacetylated preferentially by Sirt2. As expected, AcK38 shows no signal using the anti-Ran AcK37 AB. Using the pan-anti-AcK-AB, all acetylated Ran proteins showed a linear decrease in the acetylation level. However, although AcK37 and AcK38 were nearly completely deacetylated at a molar Ran AcK/Sirt2 ratio of 1:1, this was not the case for di-acetylated AcK37/38 R . Detection with an anti-Ran-AB was used as a loading control. Densitometric analyses of the signals obtained with the anti-AcK-AB and anti-Ran AcK37 are shown at the top. H, mass spectrometric analysis of the experiment is shown in F. The reactions were analyzed by digest with Glu-C followed by ESI-MS/MS. Without NAD ϩ , there is only di-acetylated Ran present. With increasing NAD ϩ concentrations, the average intensity of peptides corresponding to di-acetylated Ran decreases and that of the non-acetylated Ran increases. The amount of Ran AcK37 peptide increases with increasing NAD ϩ concentrations suggesting that Ran AcK38 is deacetylated first. IB, immunoblot.
binds but that it is also efficiently deacetylated as also observed for the full-length Ran protein ( Fig. 2B ). Thus, this particular peptide was most likely not properly accessible upon immobilization on the microarray surface, which, however, was apparently not the case for other peptides (as determined by Rauh et al. (69) ).
Sirt2 Binds Ran AcK37 Using a Binding Site Flanked by Aromatic Residues-Attempts to crystallize Sirt2 with the Ran-13mer TFAcK37/38 peptide failed, but we were able to solve the atomic structure of Sirt2 in complex with the Ran TFAcK37-13-mer peptide by molecular replacement to a final resolution of up to 3.0 Å ( Table 1) . Although we performed the crystalli-zation trials with the 31 LTGEFE-TFAcK-KYVATL 43 peptide, we did not obtain electron density for the three far N-and C-terminal residues. These residues may thus be flexible in the Sirt2-bound state and most likely do not contribute to Sirt2 substrate recognition. As expected, the peptide is located in the substrate-binding groove formed between the Sirt2 Rossmannfold domain and the small domain, and the TFAcK37 R residue is buried in the active site of the enzyme (Fig. 2C ). Consistent with previous reports (91) (92) (93) , the peptide is bound to Sirt2 through extensive polar interactions between main chain atoms of the peptide and Sirt2 (e.g. between the amide nitrogen of Gln-267 Sirt2 and the carbonyl oxygen of Lys-38 R or between the amide nitrogen of Leu-239 Sirt2 and the carbonyl oxygen of Phe-35 R ). Interestingly, the two aromatic residues (Phe-35 R and Tyr-39 R ), which are flanking the TFAcK37 residue, are oriented toward aromatic residues Phe-244 Sirt2 and Phe-235 Sirt2 , respectively, and thus likely contribute to peptide binding through stacking interactions. The hydroxyl group of Tyr-39 R furthermore forms a hydrogen bond with the main chain carbonyl oxygen of Arg-97 Sirt2 , which also forms a hydrogen bond to the trifluoroacetyl-lysine side chain. These additional interactions might orient and position AcK37 R for catalysis and thus explain the observed faster deacetylation of Ran AcK37 compared with Ran AcK38 (Fig. 2D ).
Because it was still an open question how the presence of an acetyl moiety at Ran Lys-37 primes the deacetylation of Ran AcK38 due to the lack of structural data for the di-acetylated variant, we generated Lys-37 mutant versions (K37A/K37Q/ K37R) of Ran in the AcK38 background and analyzed these for deacetylation with Sirt2. Interestingly, all three mutants (K37A/AcK38 R , K37Q/AcK38 R , and K37R/AcK38 R ) were deacetylated faster than non-mutated Lys-38-acetylated Ran, suggesting that a lysine neighboring AcK38 R is the least favorable amino acid for Sirt2 catalysis, at least in this sequence context. Therefore, electrostatic and steric effects at Lys-37 R contribute to the increased deacetylation rate of the di-acetylation of Ran AcK37/38.
Ability to Di-deacetylate Two Neighboring Acetyl-lysines Is a Common Feature of Sirt1-3-Next, we tested whether the closely related Sirt1 and Sirt3 are also able to deacetylate two adjacent acetyl-lysine residues. As reported earlier, Ran AcK37 constitutes a substrate not only for Sirt2 but also for Sirt1 and Sirt3 (14) . We purified Sirt1(255-664) and Sirt3(118 -399) and performed a fluor-de-lys assay, which showed that both enzymes possess a deacetylase activity similar to our recombinantly expressed and purified Sirt2 (Fig. 1D ). Importantly, as for Sirt2, Sirt1 and Sirt3 deacetylated Ran AcK38 less efficiently than Ran AcK37/38. This suggests that Sirt1-3 share features of substrate recognition and that di-deacetylation by sirtuins is a common mechanism, at least for Ran AcK37/38 ( Fig. 2F ).
PEPCK1 Can Be Converted into a Substrate of Sirt2 by Mutation of the Sequence N-terminal of Its Di-acetylation Site
AcK70/71 to the Corresponding Ran Sequence-In a physiological context, the lifetime of an acetyl modification of a protein may be relatively long due to slow sirtuin-mediated deacetylation at the respective site. The subsequent acetylation of a neighboring lysine residue could release this state by making both sites favored targets of a particular sirtuin. The dynamics of this regulatory mechanism depends on which of two adjacent lysine residues is acetylated first by the respective KAT and which lysine is preferentially deacetylated. We asked whether di-deacetylation constitutes a general mechanism exerted by sirtuins on different substrate proteins. To answer this question, we screened the literature for proteins shown to be diacetylated at two neighboring lysines and for which deacetylation is mediated by Sirt1, -2, or -3.
For phosphoenolpyruvate carboxykinase 1 (PEPCK1), it has been shown that gluconeogenesis is negatively regulated by acetylation at Lys-70, Lys-71, and Lys-594. Acetylation of PEPCK1 leads to its degradation and is counterbalanced by Sirt2 (88) . Interestingly, as for Ran, the sequence of PEPCK1 at the di-deacetylation site is 70 KKY 72 , possibly representing a short motif for di-deacetylation. Evidence for KKY being a high affinity motif at least for Sirt2 also comes from an in vitro selection screen for circular peptidic Sirt2 inhibitors where, in 10 out of 15 cases, clones were isolated that expressed peptides containing the sequence R(I/V)(TFAcK)RY with IC 50 values for Sirt2 in the low nanomolar range. Notably, even the linear peptide RI(TFAcK)RY inhibited Sirt2 with an IC 50 of 31 nM (94) . With arginine having similar physicochemical properties as lysine, we thus speculated that the KKY motif binds strongly to Sirt2 and that it could furthermore be a prerequisite for di-deacetylation.
We purified full-length PEPCK1 AcK70, AcK71, AcK70/71, and for completeness also AcK594 (Fig. 3A) , and we tested which of those sites are deacetylated by Sirt2 in vitro. To detect also weak deacetylation reactivity, we incubated all PEPCK1 variants with increasing concentrations of Sirt2 up to an . Three charged residues Glu-34 R , Glu-36 R , and the Lys-38 R are solvent-exposed. The hydrophobic tunnel leading to the Sirt2 active site is too narrow to simultaneously adopt two acetylated lysine residues. The TFAcK37 penetrates into a hydrophobic tunnel formed by the small subdomain and the Rossmann-fold domain. D, two aromatic residues Phe-35 R and Tyr-39 R of the Ran(31-43) 13-mer TFAcK37 peptide act as anchor points through the formation of stacking interactions with the aromatic residues in Phe-244 and Phe-235 of Sirt2, respectively. Furthermore, the peptide forms several main chain hydrogen bonds with Sirt2, highlighted with the dotted yellow lines, and the hydroxyl group of Tyr-39 R forms a hydrogen bond with the main chain carbonyl-oxygen of Arg-97 of Sirt2. The peptide adopts a crescent-and w-shaped conformation. E, effects of Ran mutations on the kinetics of Sirt2-mediated di-deacetylation of Ran AcK38. To assess whether electrostatic or steric properties of AcK37 R increase the deacetylation rate of AcK38 R , we created Lys-37 R mutant proteins in the Ran AcK38 background. The non-mutated mono-acetylated Ran AcK38 shows the slowest Sirt2-catalyzed deacetylation of the proteins compared. All mutant variants (RanK37A/AcK38, K37R/AcK38, and K37Q/AcK38) show an accelerated Sirt2-catalyzed deacetylation compared with the mono-acetylated Ran AcK38 protein (12 M Ran and 0.06 M Sirt2). This shows that both electrostatic and steric properties of AcK37 R contribute to the observed accelerated Sirt2-mediated deacetylation of AcK38 R . F, Sirt1 and Sirt3 are able to di-deacetylate Ran AcK37/38. Ran AcK37, Ran AcK38, and di-acetylated Ran AcK37/38 were incubated with Sirt1 or Sirt3, and the acetylation level was assessed by immunoblotting (IB) using an anti-AcK antibody (12 M Ran was incubated with 0.8 M of the indicated Sirtuin for 30 min). Ran AcK38 shows a relatively strong remaining anti-AcK signal compared with the di-acetylated AcK37/38 R , suggesting that, as observed for Sirt2, the presence of AcK37 R stimulates the deacetylation of AcK38 R by Sirt1 and Sirt3. Coomassie (CMB) staining is shown as loading control for Ran. Sirtuins were detected with the indicated antibodies. equimolar ratio and an excess of NAD ϩ . Unexpectedly, under the conditions used in our in vitro assay, none of the reported PEPCK1 acetylation sites was deacetylated by Sirt2 ( Fig. 3B ). To rule out that this was due to PEPCK1 being improperly folded or that protein quality was otherwise compromised, we performed analytical SEC runs with all acetylated PEPCK1 variants in a previously described buffer, which has been optimized for PEPCK1 activity (82) . This confirmed that the PEPCK1 preparations were of the correct molecular weight and showed no signs of aggregation (Fig. 3C) . We then used the PEPCK1 from the analytical SEC runs to confirm the activity of wild type and the acetylated PEPCK1 preparations in a coupled enzyme assay (Fig. 3, D and E) , again as described (82) . Subsequently, also the deacetylation assays were repeated with this PEPCK1 material. However, even under these optimized conditions and using a Sirt2/PEPCK1 ratio of 1:1, we did not observe deacetylation for any of the three mono-acetylated PEPCK1 variants nor for the di-acetylated PEPCK AcK70/71 (Fig. 3F ). We then sought to rule out the unlikely case that deacetylation does occur but is followed by non-enzymatic acetylation by 2Ј/3Ј-O-acetyl-ADPribose arising during the reaction, which might then result in a similarly high acetylation signal. To this end, we tested whether incubation of PEPCK1-WT with 2 mM 2Ј/3Ј-O-acetyl-ADPribose resulted in an acetylation signal with the anti-AcK-AB. As shown in Fig. 3G , this was not the case.
Given the lack of Sirt2 activity toward PEPCK1 in vitro, we asked whether this is due to a suboptimal recognition sequence or due to the absence of certain cofactors/interaction partners of Sirt2 that would assist in substrate recognition in vivo. Interestingly, it was possible to convert PEPCK1 into an in vitro substrate of Sirt2. Upon replacement of the sequence N-terminally adjacent of Lys-70/71 in PEPCK1 ( 67 RRL 69 ) by the corresponding Ran sequence ( 34 EFE 36 ), we observed deacetylation of both mono-acetylated PEPCK1 AcK70 and di-acetylated PEPCK1 AcK70/71 in an NAD ϩ -dependent manner (Fig. 3, H  and I) . Given the strong signal of both individual acetylation sites AcK70 and AcK71 with our anti-AcK-AB, the complete loss of acetylation signal suggests that in the di-acetylated background Sirt2 deacetylates both sites of the PEPCK1-AcK70/71-EFE mutant. The deacetylation rate is however rather slow compared with Ran AcK37, suggesting that additional factors contribute to the efficient recognition of Ran AcK37 by Sirt2. Taken together, these results show that in vitro Sirt2 does not deacetylate PEPCK1 at the reported sites but can be converted into a substrate for di-deacetylation by mutation of three residues N-terminal to the 70 KKY 72 motif.
Sirt1 and Sirt2 Deacetylate p53 AcK381, AcK382, and AcK381/382 with Similar Rates-Another well characterized regulatory acetylation occurs at multiple sites of the tumor suppressor p53. Acetylation of p53 is required for its stabilization and for its transactivation leading to apoptosis and/or cell cycle arrest (95) . To date, p53 acetylation has been reported for 13 different lysines, most of them located in its C-terminal domain but also in its DNA-binding and tetramerization domains. Interestingly, two lysine pairs are present in the C terminus (Lys-372/373 and Lys-381/382) of p53, all of which have been found to be acetylated (87, 96) . HDAC1 and Sirt1 were described as the major p53 deacetylases. HDAC1 is active on the acetylated lysines Lys-320 P (superscript P is p53), Lys-373 P , and Lys-382 P , whereas Sirt1 acts on Lys-382 P (97, 98) . Evidence also points toward deacetylation of Lys-120 P and Lys-164 P by Sirt1 (99) . The KATs p300/CBP catalyze, inter alia, the acetylation of the lysine pair Lys-381/382 P (85) . Given our observations regarding the di-deacetylation of Ran by Sirt2, we wondered whether p53 and its deacetylase Sirt1 constitute a similar di-deacetylation system, where p53 can be locked in a monoacetylated state, and this locked state can be released upon acetylation of the adjacent lysine.
To test this, we purified full-length p53 acetylated at Lys-381, Lys-382, or both using the genetic code expansion concept. For comparison, we also produced the other two described Sirt1substrate proteins p53 AcK120 and p53 AcK164 (Fig. 4A ). When we incubated the different p53-acetylated proteins with recombinant Sirt1, we observed, as expected, that AcK120 P and AcK382 P were completely deacetylated (after 2 h and at a p53/ 
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Data collection Space group P6 1 Sirt1-ratio of 1:20) (Fig. 4B ). However, acetylation signals for p53-AcK164 remained almost unchanged suggesting that, at least in vitro, this site is not a direct target of Sirt1. Strikingly, Sirt1 was also able to deacetylate both p53-AcK381 and diacetylated p53-AcK381/382 (Fig. 4B ). To gain insights into the dynamics of the deacetylation reaction, we compared the Sirt1-catalyzed deacetylation of p53 for the positive p53 sites (AcK120, AcK381, and AcK382) and Ran AcK37 in a time course experiment, again with a molar Sirt1/p53-ratio of 1:20. Deacetylation occurred rapidly for all p53 sites, and the rates were comparable with Ran AcK37 (Fig. 4C ). We further resolved the deacetylation reaction of the acetylated lysines pair AcK381 and AcK382 at a Sirt1/p53-ratio of 1:200 and found that the mono-acetylated sites and the di-acetylated site are deacetylated at highly comparable rates (Fig. 4D) .
This prompted us to test whether the preferential deacetylation of two adjacent acetyl-lysines for Ran AcK37/38 is a unique feature of Sirt2 or rather a matter of the amino acid sequence surrounding the target acetyl-lysine. We thus analyzed the deacetylation of p53 AcK381, AcK382, and AcK381/382 by Sirt2 and found that, like Sirt1, it catalyzes deacetylation of all these sites with very similar rates (Fig. 4E) . Thus, in p53, the di-acetylation pair AcK381/382 P as well as the mono-acetylated sites AcK381 P and AcK383 P are targeted with equal preference by both Sirt1 and Sirt2.
Presence of AcK373 in p53 Promotes Deacetylation of AcK372 Only for Sirt1-Less is known about the deacetylation of the second acetylated lysine pair in the C terminus of p53, AcK372/ 373, although, at least for AcK373 P , two studies suggest that this site is also targeted by Sirt1 (100, 101) . We tested the di-deacetylation of these acetylated lysine residues. To this end, we prepared site specifically acetylated p53 AcK372, AcK373, and the di-acetylated AcK372/373, all of which showed a double band on an SDS-polyacrylamide gel (Fig. 5A ). The smaller species originated from translational termination during the expression using the genetic code expansion concept and thus represents a truncated p53 (86) . Because of the similar size compared with full-length p53 and the p53 oligomerization, this truncation product of p53 cannot be removed during the purification process. The same applies to the purifications of the p53-Lys-381/382 but the two bands are not resolved on standard SDS-PAGE.
Interestingly, when we tested the acetylated p53 variants of AcK372, AcK373, and AcK372/373 for deacetylation by Sirt1 at enzyme/substrate ratios from 1:20 to 1:1, we found that all three acetylated proteins are deacetylated. In this experiment, we also confirmed that p53-AcK164 is not deacetylated by Sirt1 even with the highest amount of Sirt1. p53-AcK372 showed a remaining signal at a ratio of 1:20, suggesting that this site is a suboptimal target for Sirt1 and shows slower deacetylation kinetics compared with AcK373 P and the di-acetylated protein AcK372/373 P (Fig. 5B ). Consistent with this observation, p53-AcK372 deacetylation was slower than both the mono-acetylated p53-AcK373 and the di-acetylated p53-AcK372/373 in a separate time course experiment with an enzyme/ratio of 1:50 (Fig. 5C ). Thus, the p53 di-acetylation site AcK372/373 behaves similarly to that of Ran (AcK37/38) described above, in that di-deacetylation is favored over mono-acetylation for one of the sites. Notably, in case of p53, it is the first acetylated lysine, AcK372 P , that is only weakly deacetylated by Sirt1, and it is the presence of the second acetylated lysine (AcK373) that accelerates its deacetylation. In contrast, for Ran, it is the second AcK38, which is only slowly deacetylated by Sirt2 in the absence of the first acetylated lysine AcK37. Strikingly, however, for p53 this differential recognition of the p53-K372/373 site was only observed for Sirt1 and not for Sirt2, which did not show any preference for AcK372 P , AcK373 P , or AcK372/373 P when resolved at an enzyme/substrate of 1:200 (Fig. 5D ).
Taken together, our data suggest that in principle Sirt1, -2, and -3 are able to deacetylate two adjacent lysine residues. As observed for both enzymes with Ran and p53, the presence of one acetylated lysine can accelerate the deacetylation of the neighboring acetylated lysine side chain (which itself is only slowly deacetylated in its mono-acetylated state) by a yet unknown mechanism. However, because this is not the case for all di-acetylated lysines, the dynamics of di-deacetylation are dependent on the sequence context and furthermore seem to reflect the substrate recognition differences between sirtuins.
Discussion
To our knowledge, we present here the first site-specific study on the substrate specificity of sirtuins in a full-length protein context as opposed to acetylated peptides. Using the Genetic Code Expansion Concept allowed us to test individual acetylation sites in natively folded proteins. We selected previously reported substrate proteins of Sirt1, Sirt2, and Sirt3 as the FIGURE 3. PEPCK1 is not directly deacetylated by Sirt2 in vitro but can be converted into a Sirt2 substrate. A, final purity and quality of PEPCK1-WT and the acetylated PEPCK1 AcK70, AcK71, AcK70/71, and AcK594 proteins. For details on the experimental procedures see Fig. 1A . B, PEPCK1 is not directly deacetylated by Sirt2 at AcK70, AcK71, AcK70/71, or AcK594 in vitro. PEPCK1 was site-specifically lysine-acetylated and used as substrate for Sirt2-catalyzed deacetylation. Deacetylation assay was performed with increasing concentrations of Sirt2 for 2 h at 23°C. Molar ratios of Sirt2/PEPCK1 are indicated. The concentration of PEPCK1 was 12 M. Ponceau S staining was used as a loading control, Sirt2 was detected using an anti-His 6 antibody. C, analytical size exclusion chromatography of PEPCK1 variants. The molecular mass calculated from the elution volume using a standard curve is indicated together with the theoretical mass of ϳ70.9 kDa. All PEPCK1 proteins used in this study behave as the non-acetylated wild type PEPCK1 and elute as monomers from the analytical SEC column (Superdex 200 10/300 GL). D, reaction scheme of a fluorescence-based coupled enzymatic assay to analyze PEPCK1 activity. In the first and rate-limiting reaction step, PEPCK1 catalyzes the conversion of phosphoenolpyruvate to oxaloacetate under the consumption of GDP and CO 2 . In the second reaction step, oxaloacetate is converted to malate by malate dehydrogenase, which involves the oxidation of NADH to NAD ϩ . The accompanied drop in fluorescence upon oxidation of NADH to NAD ϩ (excitation, 345 nm; emission, 470 nm) served as an indirect measure of PEPCK1 activity. E, acetylated PEPCK1 is active as determined by a coupled enzyme assay as described in B. The activity of PEPCK1-WT and its acetylated versions (AcK70, AcK71, AcK70/71, and AcK594) was analyzed as described (concentration, 25 nM). All enzymes showed an activity comparable with the wild type, non-acetylated protein. F, PEPCK1 is not deacetylated by Sirt2 in vitro at lower concentrations and in an optimized PEPCK1 buffer. Site-specifically lysine-acetylated PEPCK1 (0.6 M) was used as a substrate for Sirt2-catalyzed deacetylation (0.6 M). None of the acetylated PEPCK1 (AcK70, AcK71, AcK70/71, and AcK594) variants was directly deacetylated. Ran AcK37 (12 M) was used as a positive control, showing complete deacetylation under the assay conditions. Acetylation levels were detected with an anti-AcK AB. An anti-His 6 antibody was used detect PEPCK1, Ran, and Sirt2. G, anti-acetyl-lysine immunoreactivity of PEPCK1-WT (0.6 M) after incubation with 2 mM 2Ј/3Ј-O-acetyl-ADP-ribose for 2 h at 23°C. Immunoblotting using an anti-AcK antibody was used to detect the acetylation level of PEPCK1. An anti-His 6 antibody was used to stain for PEPCK1. H, replacing the PEPCK1 sequence 67 RRLKKY 72 by 67 EFEKKY 72 (corresponding to the sequence N-terminal to the Ran di-acetylation site) converts PEPCK1 into a Sirt2 substrate. To analyze what are the determinants for Sirt2 activity on PEPCK1, we replaced the sequence preceding the Lys-70 ( 67 RRL 69 ) for the corresponding sequence in Ran AcK37 ( 34 EFE 36 ). This replacement is sufficient to convert PEPCK1 into a Sirt2 substrate. PEPCK1 AcK70 and AcK70/71 67 EFE 69 mutants (indicated as PEPCK1-EFE) were incubated with 0.06 M Sirt2 for the indicated time. Ran AcK serves as a positive control and is completely deacetylated already after less than 5 min. PEPCK1 was deacetylated after 90 min. All substrates were used at 0.6 M. The di-acetylated PEPCK1 AcK70/71 shows a different running behavior than the non-acetylated variant as seen in the respective anti-His 6 loading control. I, deacetylation assay with PEPCK1-EFE mutants in the absence of NAD ϩ . The loss of anti-AcK-immunoreactivity of PEPCK1 (0.6 M) is dependent on the presence of the sirtuin cofactor NAD ϩ , as the signal remains constant after 90 min of incubation with Sirt2 (0.06 M). CMB, Coomassie Brilliant Blue; IB, immunoblot.
three sirtuins with robust lysine deacetylase activity (Sirt1, p53; Sirt2, Ran, PEPCK1; Sirt3, CypD, MnSOD, Hsp10). Importantly, for most of these candidate proteins, the substrate deacetylase relationship was established based on sirtuin knockdown/knock-out and overexpression studies, in which the acetylation status of the protein was analyzed qualitatively in response to these perturbations. With our direct in vitro deacetylation assays, we were unable to reconstitute the Sirt3catalyzed deacetylation of CypD at two reported sites, namely AcK167 and AcK197 (corresponding to AcK155 in CypA), as well as MnSOD (AcK122) and the Sirt2-catalyzed deacetylation of PEPCK1 (AcK70, AcK71, and AcK594). In case of p53, except A, p53 was site-specifically lysine-acetylated at several sites (AcK120, AcK164, AcK381, AcK382, and AcK381/382). For details on the experimental procedures, see Fig. 1A . An anti-p53 antibody was used to detect p53. B, p53 is deacetylated by Sirt1 at AcK120, AcK381, AcK382, and AcK381/382 but not AcK164 in vitro. Deacetylation assay with site-specifically lysine-acetylated p53 and Sirt1 at a molar Sirt1/p53 ratio of 1:20 (p53, 12 M; Sirt1, 0.6 M). The reaction was performed for 2 h at 23°C, and the acetylation level after Sirt1-catalyzed deacetylation is determined with an anti-AcK antibody. Notably, AcK381, AcK382, and even the di-acetylated AcK381/382 were completely deacetylated under the assay conditions. Coomassie Brilliant Blue (CMB) staining was used as a loading control. An anti-His 6 antibody was used to stain for Sirt1. C, time course experiment to assess Sirt1-catalyzed p53-AcK120, -AcK381, -AcK382, and -AcK381/382 deacetylation (p53, 12 M; Sirt1, 0.6 M). Ran AcK37 (12 M) was used as a control. An anti-AcK antibody was used to stain for lysine acetylation, Coomassie Brilliant Blue (CMB), as a loading control. The quantification of the kinetics shown in the right panel was performed using ImageJ. Anti-His 6 antibody was used to detect Sirt1. D, time course experiments as for B but with a molar p53/Sirt1 ratio of 1:200 (Sirt1, 0.06 M) to more sensitively assess the p53-catalyzed deacetylation of p53 AcK381, AcK382, and AcK381/382. As visible in the immunoblottings and the quantifications (lower panel), both mono-acetylated p53 proteins and the di-acetylated protein show highly similar Sirt1-catalyzed deacetylation. E, Sirt2 also deacetylates p53 at AcK381, AcK382, and AcK381/382. Time course experiments were to analyze whether all three sites are also deacetylated by Sirt2 (molar ratio 1:200 as in D). All three acetylated p53 proteins were deacetylated by Sirt2 with similar rates. IB, immunoblot. FIGURE 5. Deacetylation of p53 at Lys-372 is enhanced upon acetylation of the neighboring Lys-373 for Sirt1 but not Sirt2. A, final purity and quality of p53-WT and acetylated p53 (AcK372, AcK373, and AcK372/372). For details on the experimental procedures see Fig. 1A . Notably, for p53 AcK372, AcK373, AcK381, AcK382, and the di-acetylated proteins, we obtained acetylated truncation products, which we could not remove during purification due to the similar size of the truncation product and the full-length protein and possibly due to oligomerization of the p53 protein. An asterisk denotes the anti-AcK-immunoreactive truncation product. B, p53 deacetylation by Sirt1 at AcK164, AcK372, AcK373, and AcK372/373 was analyzed at increasing molar Sirt1/p53 ratios (p53, 12 M). The immunoblot with an anti-AcK-antibody shows that, at a molar ratio of Sirt1/p52 of 1:20, the weakest p53 deacetylation by Sirt1 occurs at AcK372, supporting the mechanism of di-deacetylation, by which the presence of AcK373 accelerates deacetylation at AcK372. p53-AcK164 is not deacetylated by Sirt1 in vitro even at a substrate/enzyme ratio of 1:1. C, time course of the Sirt1-catalyzed p53 AcK372, AcK373, and AcK372/373 deacetylation. p53 AcK373 is deacetylated by Sirt1 showing complete deacetylation after 30 min, whereas deacetylation is not completed for AcK372 after 90 min. The di-acetylated p53 AcK372/373 is deacetylated faster than p53 AcK372 (p53, 12 M; Sirt1, 0.24 M; molar ratio 1:50). The densitometric quantification was done using ImageJ software. The signal originating from the truncation product remains constant and was subtracted from the signal of the full-length p53 AcK372/373 (the band of the truncated fragment is denoted with an asterisk and runs slightly lower). The acetylation level was assessed using an anti-AcK-antibody. Coomassie Brilliant Blue (CMB) staining was used as a loading control for p53 and an anti-His 6 antibody to detect Sirt1. D, time course of Sirt2-catalyzed deacetylation of p53 AcK372, AcK373, and AcK372/373 as described in C but with an enzyme/substrate ratio of 1:200 (0.06 M Sirt1). All acetylated p53 variants show highly similar deacetylation kinetics with Sirt2. E, frequency plot of sequence context of lysine acetylation sites found in this and our previous study to be substrates or non-substrates of Sirt2 as indicated (14) . Representation was created with WebLogo (106) . F, sequence alignment of primary sequences surrounding di-acetylation motifs analyzed in this study and in our previous study (14) . We discovered that several di-acetylation sites were deacetylated by Sirt1, Sirt2, and/or Sirt3 (Ran AcK37/38, p53 AcK372/373, and p53 AcK381/382). Interestingly, PEPCK1, although also containing a possible di-acetylation motif (AcK70/71) followed by a tyrosine residue, is not deacetylated by Sirt2, suggesting that the structure is an important denominator of Sirt specificity. Notably, the residues 67 RRL 69 in PEPCK1 preceding Lys-70/Lys-71 form a ␤-strand as part of an antiparallel ␤-sheet. It needs further investigation whether the replacement of this sequence by the corresponding Ran sequence 34 EFE 36 confers Sirt2 activity or whether this is due to structural effects interfering with the formation of this ␤-sheet, maybe affecting the loops flexibility. IB, immunoblot.
for AcK164, we could confirm all previously identified Sirt1 target sites. Our failure to confirm the deacetylases for selected candidate proteins suggests that either there are no direct substrates for the respective sirtuins or, alternatively, that additional factors are required in vivo to stimulate or enable the deacetylation at these sites, such as scaffolding proteins or posttranslational modifications.
Based on our previous work, we decided to further analyze the deacetylation of Ran AcK37 and Ran AcK38, for which we identified Sirt1-3 as deacetylases (14) . As these two sites are directly next to each other and thus found in a very similar structural environment, the switch I of Ran, we reasoned that this constellation is a good model to investigate how much the structural context interferes with Sirt2-catalyzed deacetylation
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at these sites. The striking difference in the deacetylation rate of the two sites, AcK37 R and AcK38 R , may be interpreted as a support for a "sequence-centric" view of sirtuin substrate specificity. This is also reflected by the fact that the Ran AcK38 peptide shows a 5-fold weaker binding toward Sirt2 compared with the Ran AcK37 peptide. Our structural data show that the aromatic residues Phe-35 R and Tyr-39 R preceding and following the acetylation sites ( 31 LTGEFEKKYVATL 43 ) are important residues for substrate recognition and binding by Sirt2. This is supported by an earlier study on peptidic Sirt2 inhibitors, which demonstrated that high affinity peptides in many cases contained a tyrosine in the ϩ2 position relative to the acetyl moiety (94) . At first glance, the importance of the sequence context was further supported by the fact that replacement of the three N-terminal residues next to the PEPCK1-Lys-70/71 acetylation sites by the corresponding sequence in Ran, including F35 R , was sufficient to render it a direct Sirt2 substrate. Previous studies, in which peptides have been used to find sequence dependences of substrate recognition, show that, although classical consensus motifs cannot be found for sirtuins, the sequence context clearly plays a role, albeit in a less intuitive contextual fashion (69, 102, 103) . The characteristics of the sequences surrounding substrate and non-substrate sites tested here and in our previous study seem to agree with this context-dependent substrate recognition without a clear consensus (Fig. 5, E and F) (14) .
The sequence-centric view is challenged by other aspects of the present and our previous study on Ran acetylation (14) . Based on the available structures of the candidate protein substrates in the non-acetylated form, all of the sites found not to be deacetylated by sirtuins are integral parts of ␣-helices and ␤-strands, in close proximity to those secondary structure elements or in apparently restrained loop regions as observed for CypD AcK167, CypD AcK197, MnSOD AcK122, and PEPCK1 AcK70/71. Mutation of the N-terminal PEPCK1 sequence 67 RRL 69 to the corresponding sequence in Ran 34 EFE 36 might release this restrained conformation, possibly by resolving a salt bridge between Arg-67 and Glu-362 of PEPCK1, which in turn renders PEPCK1 a Sirt2 substrate (Fig. 6) . A special case in this regard is the residue p53 Lys-164, which, in addition to its flanking N-terminal residues being part of a ␤-strand, appears to be inaccessible by Sirt1 due to the localization of an ␣-helix of the p53 tetramerization domain. In contrast, the acetylation sites efficiently deacetylated by sirtuins are, without exception, located in regions with no profound secondary structure or in loop regions of the substrate proteins (e.g. the C terminus of p53, switch I in Ran). In the hexameric Hsp10, which forms the lid of the Hsp10-Hsp60 chaperonin system, the acetylated Lys-56 is located in a highly accessible and flexible loop at the opening pore (104) . For Ran in its inactive GDP-bound conformation, Lys-38 is located on a small ␤-strand, thereby maybe restricting the access to the sirtuin active site if acetylated. This restraint might be released upon acetylation of the neighboring Lys-37 R making AcK38 R accessible for deacetylation by sirtuins ( Fig. 6) . However, the primary sequence affects the interplay of Sirt2 and Ran AcK38 as our ITC data using acetylated Ran peptides show that the AcK38 R peptide binds to Sirt2 with a 5-fold reduced affinity compared with the AcK37 R -peptide.
Our results suggest that certain structural prerequisites have to be met for efficient substrate recognition by sirtuins. An interesting case is the acetylation site Lys-71 of Ran, which is located in the switch II loop and for which we previously reported that in vitro it is specifically targeted only by Sirt2 (14) . Because this site is deacetylated faster if Ran is in its active conformation, in which this loop adopts a more rigid conformation compared with the inactive GDP-bound state, in which the switch II loop is more flexible, it seems that in this case substrate recognition is promoted by certain structural elements. This indicates that sirtuins may as well be able to deacetylate sites located in structured or rigid regions of a protein.
The ability of Sirt1-3 to deacetylate two neighboring acetyllysines has further interesting implications. Over the course of this study, we have characterized in detail four such lysine pairs, one for Ran (Lys-37/38), one in PEPCK1 (Lys-70/71), and two for p53 (Lys-372/373 and Lys-381/382). We observed that some 2OCJ) . All non-substrate lysines are located within or directly next to secondary structure elements, as observed in MnSOD Lys-122, or are located in conformationally restrained loops as observed in CypD Lys-167 and Lys-197 and PEPCK1 Lys-70/ Lys-71. CypD Lys-167 is located directly C-terminally of an ␣-helix. CypD Lys-197 is located directly N-terminally of a ␤-strand, which restricts its conformational freedom. The main chain nitrogen of Lys-197 makes a hydrogen bond to a bridging water molecule. The side chain of Ile-198, directly adjacent to Lys-197 is part of a hydrophobic core conformationally stabilizing this region. As a direct measure of its conformational rigidity, the loops encompassing Lys-167 and Lys-197 in CypD are well defined in the crystal structure, which is furthermore reflected in the B-factors for the amide nitrogen, the C-␣ and the carbonyl C-atom, forming the lysine's backbone (these are in the range of 10.59 -12.72 Å 2 for Lys-167 and 12.45-13.41 Å 2 for Lys-197; PDB code 5A0E). These low B-factors suggest that these residues have a low level of flexibility. PEPCK1 Lys-70 and Lys-71 are located within a loop region. However, the residues 67 RRL 69 preceding these lysines form a small ␤-strand, which is part of an anti-parallel ␤-sheet. Furthermore, the loop flexibility is restrained by several side chain and main chain interactions (side chain, Glu-362 with Arg-67, Lys-71 with Asp-365 and Glu-375; main chain, Gly-366 with Lys-71, Leu-77 with Arg-67). This restraint of the loop's conformation could explain why AcK70 and AcK71 are not Sirt2 substrates. Mutation of 67 RRL 69 in PEPCK1 to the corresponding residues in Ran (giving rise to 67 EFE 69 ) makes PEPCK1 a Sirt2 substrate, most likely at least in part by releasing the loop's restrained conformation. However, alteration in the primary sequence might also affect the deacetylation. In p53, Lys-164 lies directly C-terminal to a ␤-strand; Lys-120 is located within a flexible loop. For the C-terminal lysines Lys-372, Lys-373, Lys-381, and Lys-382, there is no structural information available, as this domain is intrinsically disordered. In Ran, Lys-60 is located within a ␤-strand and Lys-99 and Lys-159 are within an ␣-helix. None of the sirtuins tested in our previous study deacetylated any of these three lysine acetylation sites of Ran. In contrast, Lys-37, Lys-38, and Lys-71 are potent sirtuin substrate sites. Although AcK71 is specifically deacetylated only by Sirt2, AcK37 is deacetylated by Sirt1, Sirt2, and Sirt3. AcK38 is deacetylated weakly by Sirt1, -2, and -3 but the presence of AcK37 increases the potency of AcK38 to act as a Sirt1, -2, and -3 substrate. Lys-37 and Lys-38 in Ran are located within the switch I loop. Lys-38 R is part of a small ␤-sheet, restraining the structural flexibility. Acetylation of the neighboring Lys-37 might release these restraints making AcK38 a better sirtuin substrate. Lys-71 is part of the switch II loop, which is structurally more restricted in the active state (here: GppNHp loaded). However, we observed, that AcK71 is a better substrate for Sirt2 if it is present in its GppNHp-loaded state suggesting that this conformation is highly suitable for catalysis. Sirtuin labeling is in red if the respective sirtuin is not active and is in green if a sirtuin is active in deacetylating a protein at the respective site. In the panels depicted in the right column, all substrate proteins and sites are shown that are deacetylated by sirtuins. In the left two columns all sites that were not deacetylated by Sirt1-3 are presented.
di-acetylation sites are targeted by sirtuins, regardless of which combination of mono-acetylation or di-acetylation is present. As an example, p53 AcK381, AcK382, and AcK381/382 were all deacetylated equally well by Sirt1 and Sirt2. This might reflect that a low selection pressure prevailed during evolution to restrict the deacetylation of those sites to one enzyme or, alternatively, that efficient removal of any possible combination of acetyl modifications at these sites posed a selective advantage. The deacetylation may as well be regulated by other mechanisms, such as the subcellular localization or the expression patterns of the deacetylases and the substrate protein in these cases.
For Ran AcK37, AcK38, and AcK37/38, we found that Sirt2 deacetylates AcK38 R less efficiently than AcK37 R . The presence of AcK37 R can strongly accelerate the deacetylation of AcK38 R . This suggests a new mechanism to increase lifetime lysineacetyl modifications, without losing the possibility to switch off the acetylated state. We also confirmed that this mechanism is not restricted to Sirt2, as shown for Sirt1 and the p53 di-acetyllysine pair AcK372/373. Notably, for this pair it was the presence of an acetyl modification at the second lysine (Lys-373 P ) that accelerated the deacetylation at the first acetylated lysine (Lys-372 P ). Importantly, we discovered that Sirt2 deacetylates p53 with similar rates at these sites, showing that differences exist between Sirt1 and Sirt2 regarding substrate recognition.
Acetylation of p53 plays an important role in the activation of its tumor-suppressive functions. An understanding of the dynamics of their deacetylation is thus clinically relevant. As noted above, it was not clear how the simultaneous acetyl modification of adjacent lysine residues would interfere with deacetylation by Sirt1. Whether this differential deacetylation has a biologically relevant impact on the lifetime of the activated state of p53 or other substrate proteins is an interesting question for future studies. It should be noted that acetylation of two neighboring lysines is currently known for 978 di-lysine sites on 771 proteins in human (according to current entries on Phosphosite.org) (105), although it is not clear how many of these potential di-acetylation sites occur simultaneously or in a mutually exclusive manner. Di-acetylation may thus be a common strategy throughout the human proteome, including histones. In this regard, it is not clear whether KATs are able to transfer acetyl moieties to neighboring lysine side chains. Many bromodomains are able to bind to two acetylated lysines. However, whether they can bind to directly adjacent acetylated lysines has not been investigated so far.
Taken together, our results reveal that substrate recognition by sirtuins is not only affected by the primary sequence but to a large extent also by the protein structure. Thus, in future studies the results obtained using acetylated peptides for deacetylation by sirtuin deacetylases should be integrated with additional data from natively folded proteins. The Genetic Code Expansion Concept enabled the site-specific study of previously reported sirtuin deacetylation sites, which in turn led to the discovery of the ability sirtuins to deacetylate two adjacent acetyl-lysines. This has important implications for the regulation of proteins by acetylation as it allows us to prolong the lifetime of an acetylation event and to remove it by an additional acetylation of a neighboring lysine. Although the exact molec-ular mechanism needs to be further investigated, our structural and biochemical data suggest that sirtuins cannot accommodate two acetylated lysines simultaneously in their active site but that instead di-deacetylation occurs sequentially. Given the increasing number of acetylation sites identified through advanced high throughput mass spectrometry, we believe that it will become more important to discriminate sites that are of high biological relevance from those that may be regarded as background noise. This task will involve the determination of absolute stoichiometries of acetylation sites and the development of reliable prediction tools for their regulation by lysine acetyltransferases and KDACs. Our data on the substrate recognition of sirtuins are thus an important step to ultimately gain a deeper understanding of the regulation of the acetylome. 
